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Abstract. The X-ray pulsar Her X-1 was observed for
more than two orbital cycles near the maximum of the
35 day X-ray intensity cycle by the Narrow Field Instru-
ments on-board the BeppoSAX satellite. We present the
first simultaneous measurement of the 0.1-200 keV spec-
trum. Three distinct continuum components are evident
in the phase averaged spectrum: a low energy excess, mod-
eled as a 0.1 keV blackbody; a power-law and a high en-
ergy cut-off. Superposed on this continuum are Fe L and
K emission features at 1.0 and 6.5 keV, respectively, and a
∼ 40 keV cyclotron absorption feature. The cyclotron fea-
ture can be clearly seen in raw count spectra. We present
the properties of the cyclotron feature with unprecedented
precision and discuss the indications given by this mea-
surement on the physical properties of the emitting region.
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1. Introduction
Her X-1 is an eclipsing binary X-ray pulsar with an or-
bital period of 1.7 days and a pulsation period of 1.2 s
(Tananbaum et al. 1972; Giacconi et al. 1973). It exhibits
a 35 day cycle in X-ray intensity consisting of a ∼ 10 day
duration main on-state and a shorter duration, a factor
∼ 3 fainter, secondary on-state (e.g., Gorecki et al. 1982).
This modulation may result from obscuration caused by a
precessing tilted accretion disk that periodically obscures
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the line of sight to the neutron star (e.g. Katz 1973; Petter-
son 1975, 1977). In between on-states, Her X-1 is still vis-
ible at a low X-ray intensity level (Jones & Forman 1976).
A regular pattern of X-ray intensity dips are observed at
certain orbital phases during the on-states (Crosa & Boyn-
ton 1980; Reynolds & Parmar 1995).
The broad band X-ray spectrum of Her X-1 is known to
be complex. In common with other accreting X-ray pul-
sars, the overall spectral shape in 1-10 keV can be de-
scribed by a power-law. In the energy range 0.1-200 keV
the following additional components have been reported:
low-energy absorption consistent with the interstellar
value; a ∼ 100 eV blackbody which dominates the spec-
trum below ∼ 1 keV (McCray et al. 1982; Oosterbroek
et al. 1997); a broad Fe L emission feature at ∼ 1 keV
(Mihara & Soong 1994; Oosterbroek et al. 1997); a broad
Fe K emission feature at ∼ 6.5 keV which was studied in
detail by Choi et al. (1994) using Ginga data; an approxi-
mately exponential cut-off to the power-law > 10 keV and
a broad feature, centered around 40 keV, which is usu-
ally interpreted as a cyclotron absorption or emission fea-
ture (Tru¨mper et al. 1978; Voges et al. 1982; Soong et al.
1990; Mihara et al. 1990). Her X-1 was the first cosmic
X-ray source from which a cyclotron feature was detected
(Tru¨mper et al. 1978).
In this Letter we present the first simultaneous mea-
surement of the Her X-1 spectrum over the 0.1-200 keV
energy range. The Narrow Field Instruments (NFI) on-
board BeppoSAX (Boella et al. 1997a) consist of the imag-
ing Low-Energy Concentrator Spectrometer (LECS; 0.1-
10 keV; Parmar et al. 1997), the imaging Medium-Energy
Concentrator Spectrometer (MECS; 1.5-10 keV; Boella
et al. 1997b), the High Pressure Gas Scintillation Propor-
tional Counter (HPGSPC; 3-150 keV; Manzo et al. 1997)
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and the Phoswich Detector System (PDS; 15-300 keV;
Frontera et al. 1997).
2. Observation
BeppoSAX observed Her X-1 between 1996 July 24 00:34
UT and July 27 11:54 UT. Source spectra were extracted
excluding intervals when Her X-1 was in eclipse or un-
dergoing X-ray intensity dips. The total source exposure
times are 36 ks for the LECS, 90 ks for the MECS, 26 ks
for the HPGSPC, and 47 ks for the PDS. The different
exposure times are due to rocking collimators (HPGSPC
and PDS), to operative time only during satellite night
time (LECS) and to different filtering criteria during pas-
sages in the South Atlantic Geomagnetic Anomaly and
before and after Earth occultations.
Standard data extraction techniques were used for all
instruments. That used for the LECS is described in Oost-
erbroek et al. (1997). In LECS and MECS Her X-1 is a
factor > 100 times the background counting rate and so
systematic effects in the background subtraction are neg-
ligible. The methods of background subtraction using the
rocking collimator technique for the HPGSPC and PDS
are described in Frontera et al. (1997) and Manzo et al.
(1997). The standard collimator rocking angles of 210′ for
the PDS and 180′ for the HPGSPC were used together
with a dwell time for each on- and off-source position of
96 s. The systematic error in PDS background subtraction
is negligible for sources whose flux is higher than 1 mCrab,
including Her X-1 (Guainazzi & Matteuzzi 1997).
2.1. The X-ray spectrum
The phase averaged X-ray spectrum was modeled using
seven previously observed components: (1) a low-energy
excess described by a blackbody of temperature kTBB,
(2) a Gaussian feature with energy EL keV, and full width
half-maximum (FWHM) of FWHML keV, (3) low-energy
absorption, NH, using the coefficients of Morrison & Mc-
Cammon (1983) together with the elemental abundances
of Anders & Ebihara (1982), (4) a broken power-law con-
tinuum with photon indices α1 and α2 and break energy
Ebreak, (5) an Fe K emission feature, (6) a high energy cut-
off to the broken power-law and (7) a cyclotron feature.
Among these components, the shapes of the high energy
cut-off and cyclotron feature are most uncertain. Version
9.0 of the XSPEC spectral fitting program (Arnaud 1996)
was used. A total of 15-19 parameters (depending on how
the above components were modeled) were allowed to vary
during the fits. In addition, the normalization of each of
the NFI was allowed to vary in order to help account for
the known calibration uncertainties between the instru-
ments. In Table 1 we report the result of the spectral fits
using the above seven components and a multiplicative
Gaussian (Model 1 - Soong et al. 1990) or a Lorenzian
(Model 2 - Mihara et al. 1990) absorption line to model
component 7. Unsatisfactory fits were obtained using an
emission line.
Table 1. Spectral fit parameters
Parameter Model 1 Model 2
Ipow(×10
−1 photons cm−2 s−1) 1.083±0.006 1.081±0.006
α1 0.884±00.003 0.882±0.003
α2 1.83±
0.05
0.07 1.77±0.07
Ebreak (keV) 17.74±
0.26
0.30 17.86±
0.21
0.32
IBB (L36/d
2
5) 0.66±0.02 0.66±0.02
kTBB (keV) 0.092±0.002 0.092±0.002
NH(×10
19 atoms cm−2) 5.1±0.7 5.1±0.7
IL(×10
−2 photons cm−2 s−1) 3.53±0.24 3.54±0.24
EL (keV) 0.945±0.012 0.945±0.012
FWHML(keV) 0.390±0.024 0.390±0.024
IK(×10
−3 photons cm−2 s−1) 4.88±0.18 4.84±0.190.16
EK (keV) 6.55±0.015 6.55±0.015
FWHMK (keV) 1.06±0.06 1.06±0.06
Ecut (keV) 24.2±0.2 24.3±0.3
Efold (keV) 14.8±0.4 15.2±0.4
Ecycl (keV) 42.1±0.3 40.3±0.2
EWcycl(keV) 14.9±
1.25
1.0 -
FWHMcycl (keV) 14.7±0.9 16.3±1.4
Depthcycl - 0.73±0.03
χ
2
ν
(dof) 1.984 (908) 1.987 (908)
Note - Errors correspond to 90% single parameter confidence level
Given the number of spectral components observed
from Her X-1 in different energy ranges by different mis-
sions, we expected that a single fit to the the entire 0.1-
200 keV spectrum would be problematic. For the high en-
ergy cut-off and cyclotron feature we tried many of the
currently used empirical or semi-empirical models, but
none of them gave acceptable values of χ2ν . We can ex-
clude the single harmonic cyclotron absorption model of
Mihara et al. (1990) without high energy exponential cut-
off and the Fermi-Dirac Cut-Off (FDCO) plus cyclotron
absorption model (Mihara 1995), as they gave very high
values of χ2ν . We also obtained worse results using a sin-
gle (not broken) power law. We report in Table 1 only
the results from the best two model fits. These are (1)
a broken power law plus high energy exponential cut-off
together with a Gaussian absorption feature and (2) a bro-
ken power-law plus a high energy exponential cut-off to-
gether with a Lorenzian absorption feature (Mihara et al.
1990). The two models give comparable results in term of
χ2ν . While the fit results are still not formally acceptable,
given the known systematic uncertainties in the NFI of
∼ 5%, we do not think it worthwhile adding extra compo-
nents. The total observed flux at earth in the 0.1-200 keV
energy band is 7.2×10−9 erg cm2 s−1 that corresponds to
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Fig. 1. The spectrum of Her X-1 in the 0.1-200 keV energy range observed by the BeppoSAX NFI. Left panel: count rate
spectrum and contribution to χ2. The best-fit obtained using model 1 is shown as a histogram. Right panel: deconvoluted
photon spectrum. The different spectral components used in the fit are indicated by the dashed lines.
a total observed luminosity of Her X-1 Lx = 2.15 × 10
37
erg s−1, assuming a distance of 5 kpc.
Fig. 2. Upper panel: ratio of the 20-100 keV PDS count rate
spectra of Her X-1 and the Crab Nebula. Lower panel: the same
ratio normalized to the Her X-1 continuum (see text).
The broad band spectrum of Her X-1 appears to be
even more complex than expected. In particular, the high
energy cutoff cannot be modeled satisfactorily using a sin-
gle power law, neither adding the “classical” exponential
cutoff (White et al. 1983), nor adding the more recent
cyclotron absorption model of Mihara et al. (1990). This
can be clearly seen in the 10-20 keV residuals where large
structured variations are present using these models. The
use of a broken power law, with an exponential cutoff near
24 keV greatly improves the fit as can be seen from the fit
residuals shown in Fig. 1.
The cyclotron feature is clearly visible in the raw count
rate spectra. In Fig. 2 (upper panel), the ratio between the
Her X-1 and the Crab Nebula count spectra is shown (the
Crab Nebula spectrum is expected to be featureless in this
energy band). The overall shape of this ratio is dominated
by the difference in the shape of the two continua, Her X-1
being harder below ∼ 23 keV. A clear deviation from the
smooth ratio of the two continua is seen as a broad hump
that extends from 40 to 100 keV. This does not have the
shape of a narrow emission or absorption line, as expected
from previous measurements. Given that the ratio of the
spectra is largely independent of the uncertainties in the
energy calibrations and spectral reconstruction, it can be
also used to derive a model and calibration-free estimate
of the energy at which the Her X-1 spectral shape begins
to deviate from the continuum.
In order to more clearly see the shape of the high en-
ergy absorption feature, the count rate ratios were mul-
tiplied by the slope of the Crab Nebula photon spectrum
(E−2.1). Then we divided by the continuum functional,
namely the broken power law plus high-energy cutoff,
which approximates the Her X-1 high energy continuum
without the cyclotron feature. The effect of these two steps
is to obtain a normalized spectrum that approximates
the actual photon spectrum, as the division by the Crab
Nebula spectrum removes, to first order, the instrumen-
tal effects. The effect of the second step is to enhance the
deviations of this normalized spectrum from the contin-
uum shape described by the best-fit model. In the con-
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tinuum functional we used the parameters obtained from
the XSPEC fit, model 1 (see Table 1). We obtained an
identical result using the continuum functional of model
2. The lower panel of Fig. 2 shows a broad, symmetric
absorption line, centered just above 40 keV. As expected,
this is in good agreement with the fit parameters listed
in Table 1. The count ratio returns consistent with unity
above ∼ 55 keV. For a cyclotron line energy of 42 keV the
magnetic field strength is 3.5×1012 G.
3. Discussion
The low-energy (E< 2 keV) part of the spectrum is dis-
cussed in Oosterbroek et al. (1997) and will not be dis-
cussed further here. The Fe K line measurement confirms
the findings of Choi et al. (1994). We measure a similar
line energy and width. Our spectral resolution, while a fac-
tor ∼ 3 better than that of Ginga LAC, does not allow the
structure of the line to be further investigated. A slightly
asymmetric shape supports the hypothesis of Choi et al.
that the feature is a blend originating from multiple lines
at different degrees of ionization.
The underlying shape of the continuum of X-ray pul-
sars is still an open question. Following the first studies
of scattering and opacities in strongly magnetized plas-
mas (e.g. Canuto et al. 1971) various attempts to pre-
dict the shape of the emitted X-ray spectrum have been
made. Monte-Carlo methods were used by Me´sza´ros &
Nagel (1985a, 1985b, hereafter MN-I and MN-II) to cal-
culate spectra, cyclotron line shapes and pulse profiles.
They use a magnetic field intensity of 3.3×1012 G, which
gives a cyclotron energy of 38 keV. This choice is close to
our measured value in the case of Her X-1, and therefore
their results can be readily compared to our spectrum. Our
measurement strongly indicates that the cyclotron feature
is in absorption, in agreement with the model calculations.
The model predicts a line FWHM (∆ωB), dependent on
the angle between the line of sight and the field direction,
θ, broader for smaller angles. Using Eq. 13 in MN-I,
∆ωB ≃ ωB
(
8× ln(2)×
kTe
mec2
) 1
2
| cos θ| (1)
where ωB is the cyclotron line frequency, and mec
2 is the
electron rest mass, and assuming | cos θ| ≈ 1, we obtain
a lower limit of the electron temperature kTe of approx-
imately 11 keV (we used a line width of ∼ 15 keV - see
Table 1). This is in fair agreement with the calculations
of self-emitting atmospheres of Harding et al. (1984). In
the case of a magnetic field of 3.5×1012 G the predicted
temperature for a slab or column with optical depth of the
order of 50 g cm−2 (Me´sza´ros et al. 1983) is approximately
4-8×107 ◦K, which corresponds to kTe ∼ 3.5-7 keV. Hard-
ing et al. (1984) predict higher temperatures for higher
magnetic fields. This is also in agreement with BeppoSAX
observations of Her X-1 and Vela X-1 (Orlandini et al.
1997). Indeed, in the case of Vela X-1 the cyclotron en-
ergy is 60 keV and the FWHM is ∼ 26 keV, corresponding
to an electron temperature of approximately 18 keV. The
harder spectrum observed from Vela X-1 also confirms the
correlation between spectral hardness and magnetic field
intensity (see also Frontera & Dal Fiume 1989; Makishima
et al. 1990). The low energy power-law is reproduced in
MN-I and MN-II qualitatively, and has a spectral photon
index somewhat flatter than our observed value of ∼ −0.8.
More recent models on line profile and widths (Araya
and Harding, 1996) were obtained for A0535+26, using a
magnetic field intensity much higher than that measured
in Her X-1. No analytical model neither for the spectrum
nor for the line profile is available, therefore their results
cannot be compared with our measurement. They caution
that the “classical” estimate of electron temperature us-
ing line width, as in Eq. 1, can be flawed and suggest an
estimate taken from Lamb et al. (1990)
Te =
ωB
(2 + αeff)
(2)
that is valid in the limit of a single scattering. In this rela-
tion αeff is the effective power law slope at the cyclotron
line. The spectrum of Her X-1 cannot be approximated
above 20 keV with a power-law, but a rough estimate of
the slope gives values of 3.5-5. Assuming the centroid of
the cyclotron feature at 42 keV we obtain, from Eq. 2, an
estimate of the electron temperature Te of 6-7.6 keV.
The empirical models used here to fit the broad band
spectrum of Her X-1 are clearly inadequate to extract all
the information about the physical properties of the emit-
ting region. However this work illustrates the importance
of broad band studies of X-ray pulsars in gaining insight
into the physical processes of the emission region. In par-
ticular, better analytical models of both continuum and
lines can give better and more reliable estimates of the
physical properties of the emitting region as electron tem-
perature, density and size of the emitting region.
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